MicroRNAs (miRNAs) are 19-to 25-nt-long non-coding RNAs that regulate gene expression by base-pairing with target mRNAs and reducing their stability or translational efficiency. Mammalian miRNAs function in association with four closely related Argonaute proteins, AGO1-4. All four proteins contain the PAZ and the MID domains interacting with the miRNA 3 0 and 5 0 termini, respectively, as well as the PIWI domain comprising an mRNA 'slicing' activity in the case of AGO2 but not AGO1, AGO3 and AGO4. However, the slicing mode of the miRNA-programmed AGO2 is rarely realized in vivo and the four Argonautes are thought to play largely overlapping roles in the mammalian miRNA pathway. Here, we show that the average length of many miRNAs is diminished during nervous system development as a result of progressive shortening of the miRNA 3 0 ends. We link this modification with an increase in the fractional abundance of Ago2 in the adult brain and identify a specific structural motif within the PAZ domain that enables efficient trimming of miRNAs associated with this but not the other three Argonautes. Taken together, our data suggest that mammalian Argonautes may define the length and possibly biological activity of mature mammalian miRNAs in a developmentally controlled manner.
INTRODUCTION
MicroRNAs (miRNAs) are $22-nt regulatory RNAs that base pair with mRNA targets and modulate their stability and translational efficiency (1, 2) . Human and mouse genomes encode hundreds distinct miRNAs, each potentially targeting an extensive set of mRNAs (3) . A number of miRNAs have been shown to play critical roles in diverse aspects of development and physiology (4) (5) (6) (7) .
Metazoan miRNA genes are transcribed as long primary miRNAs (pri-mRNAs), which are normally processed into miRNA precursors (pre-miRNAs) and mature miRNAs by the endoribonucleases Drosha and Dicer, respectively (2, 8) . Mature miRNAs form a functional complex with the Argonaute subunit of the RNAinduced gene silencing complex (9) . Notably, vertebrates encode four closely related Argonaute paralogs referred to as AGO1-4 in human and Ago1-4 in mouse (10) (11) (12) . All of these proteins are characterized by the presence of the N, PAZ, MID and PIWI domains. The PAZ domain binds the miRNA 3 0 ends and the MID domain participates in the 5 0 end recognition (13, 14) . Of the four paralogs, AGO2 is unique in that its PIWI domain can cleave mRNAs base-paired with perfectly complementary miRNAs or small interfering RNAs (siRNAs) (9, 15) . This 'slicing' activity of AGO2 is also required for Dicer-independent processing of the precursor of the evolutionarily conserved miRNA miR-451 (16) (17) (18) . Aside from these two specialized functions, all mammalian Argonautes appear to function in the miRNA pathway in a largely overlapping manner (2, 9, 19) . Therefore, the functional significance of the AGO paralog expansion in the vertebrates is poorly understood.
Recent deep sequencing studies suggest that individual miRNAs often exist as populations of variants (iso-miRs) that differ in length and sometimes nucleotide composition (8, (20) (21) (22) (23) (24) . Interestingly, the 3 0 ends of Argonauteassociated miRNAs have recently been shown to be trimmed by the 3 0 -to-5 0 exonuclease Nibbler in Drosophila (25, 26) . This reaction may potentially contribute to the developmentally regulated iso-miR dynamics detected for some miRNAs in this organism (22) . However, it is currently unclear whether mammalian miRNAs also undergo extensive 3 0 -terminal trimming and if they do what are the molecular mechanisms underlying this process.
Here we demonstrate that a large fraction of mature miRNAs undergo progressive 3 0 -terminal shortening during mammalian nervous system development.
*To whom correspondence should be addressed. Tel: +65 6513 8151; Fax: +65 6791 3856; Email: makeyev@ntu.edu. sg We further show that, of the four Argonautes, only AGO2-loaded miRNAs are efficiently trimmed and that the AGO2 fractional abundance increases at later developmental stages, thus suggesting a mechanism for the widespread shortening of miRNAs in the adult brain. Importantly, we identify unique structural features of the AGO2 PAZ domain promoting the trimming reaction and provide evidence that biological activity of miRNA can be modulated by the nature of the Argonaute paralog.
MATERIALS AND METHODS

Plasmids and primers
Plasmids encoding miR-124 (RIP-miR-124 or pEM208) and the corresponding control vector (RI vector or pEM157), as well as the human AGO2 (pcDNA3-3xMyc-AGO2) and nlCre (pEM784) expression constructs have been described previously (27) (28) (29) . The pTet-Off plasmid encoding a tetracycline transactivator (tTA) protein was from Clontech. We used standard molecular cloning techniques (30) and enzymes from NEB to generate several new constructs described in the Supplementary Table S1 . Site-specific mutations were introduced using modified Quikchange site-directed mutagenesis protocol (Stratagene), in which the Pfu Turbo DNA polymerase was substituted with the KAPA HiFi DNA polymerase (KAPA Biosystems). Plasmid maps and sequences are available on request. All primers used in this study are listed in the Supplementary Table S2 .
Cells and animals
HEK293T cells were obtained from ATCC and cultured in Dulbecco's modified Eagle's medium (DMEM) (Hyclone) containing 10% Fetal Bovine Serum (FBS; Hyclone, characterized grade), 100 IU/ml penicillin and 100 mg/ml streptomycin (Invitrogen) and 1 mM sodium pyruvate (Invitrogen) at 37 C and 5% CO 2 . Transfections were done using Lipofectamine 2000 (Invitrogen) as recommended. Transgenic N2a cell populations were generated using the HILO-RMCE procedure described elsewhere (29) . Tissue samples were prepared from C57BL/6J mice using protocols approved by the Institutional Animal Care and Use Committee.
miRNA Northern-blot analysis Total RNAs were extracted with Trizol (Invitrogen) as recommended and resolved by 15% PAGE containing 7.5 M urea and 1 Â TBE. The RNAs were then electrotransferred to Hybond N+ membranes (GE Healthcare) in 0.5 Â TBE for 1 h at 2.5 mA/cm 2 
RT-qPCR analyses
Total RNAs were isolated from cultured cells and tissues using Trizol (Invitrogen) as recommended and treated with 50 U/ml of RQ1 DNase (Promega) at 37 C for 60 min to remove traces of genomic DNA. Reverse transcription (RT) was carried out using SuperScript III (Invitrogen) and random decamer primers (N10) at 50 C for 60 min as described (29) . The reverse transcriptase was inactivated at 70 C for 10 min, the reactions were diluted with sterile DEPC-treated water (Invitrogen) to 200 ml. cDNA samples were analyzed by quantitative real-time PCR (qPCR) using a StepOnePlus real-time PCR system (Applied Biosystems) and Fast SYBR Green Master Mix (Applied Biosystems) with 0.15 mM of each forward and reverse primers. The following cycling program was used: 95 C for 20 s, followed by 45 cycles of a three-step reaction, denaturation at 95 C for 5 s, annealing and extension at 60 C for 45 s. Data were normalized to the expression levels of the GAPDH mRNA.
miRNA duplexes miRNA duplexes were prepared by annealing complementary synthetic RNAs (Dharmacon). Mixtures containing 20 mM each of the two strands in the 1Â siRNA buffer (Dharmacon) were incubated at 90 C for 1 min and slowly cooled down to the room temperature. 22 
Co-immunoprecipitation analysis
Co-immunoprecipitation of mature miR-124 and Argonaute proteins was done in principle as described (27) . Dishes (10 cm) containing $60% confluent HEK293T cell cultures were typically co-transfected with a 3xMyc-tagged Argonaute expression plasmid and a miR-124 expression plasmid and incubated for 48 h. Alternatively, cells were first transfected with a 3xMyc-tagged Argonaute expression plasmid for 24 h followed by transfection with a synthetic miRNA duplex. Cells were then washed with ice-cold 1 Â PBS followed by a 15-min incubation in a 1-ml hypotonic lysis buffer containing 10 mM Tris-HCl pH 7. C, washed once with 1 ml of ice-cold W1 buffer and twice with 1 ml of ice-cold W2 buffer (0.5% Nonidet P-40, 650 mM NaCl, 2 mM MgCl 2 , 2 mM CaCl 2 , 20 mM Tris, pH 7.5, 5 mM DTT and 1 Â Complete EDTA-free protease inhibitor cocktail), 5 min each wash. The co-immunoprecipitated RNAs were eluted from the beads using Trizol and analyzed by Northern blotting and phosphorimaging. 'Input' lanes contained RNAs Trizol-extracted from 5% aliquots of the cleared lysates.
Pulse-chase experiments
HEK293T cells were co-transfected with the pTet-Off plasmid and an appropriate miR-124 expression plasmid and incubated for 24 h. Doxycycline (Dox) was then added to the cultures to the final concentration of 2 mg/ml to repress the tTA interaction with the TET promoter and the incubation was continued for another 48 h. Total RNA samples isolated at different points of this time course were analyzed by Northern blotting and phosphorimaging. pEM142 (Supplementary Table S1 ) was used as a control plasmid.
In vitro dicing
Total RNA (20 mg) isolated from pEM208-transfected HEK293T cells 24-h post-transfection was incubated for 1 h at 37 C in 20 ml reactions with 0.17-0.5 U of the purified human Dicer enzyme (Roche) in 1Â reaction buffer containing 30 mM Tris-HCl pH 6.8, 50 mM NaCl, 3 mM MgCl 2 , 0.1% Triton X-100, 15% glycerol, 1 mM DTT and 2 U/ml rRNasin (Promega). Reaction products were extracted with a 1:1 mixture of acidic phenol/chloroform, precipitated with ethanol and analyzed by Northern blotting and phosphorimaging.
Primer extension
Total RNA (10 mg) from the E12. The annealed RNA-DNA hybrids were supplemented with 10 ml of the 2 Â AMV RT mixture containing 4 ml of the 5 Â AMV RT buffer (Promega), 2 ml of 10 mM dNTPs, 2 ml of DEPC water (Invitrogen), 1 ml of rRNasin (40 U/ml; Promega) and 1 ml of the AMV reverse transcriptase (10 U/ml; Promega) and incubated at 42 C for 20 min. The reaction products were extracted with phenol-chloroform, separated by 15% PAGE containing 7.5 M urea and the gel was exposed with an X-ray film.
miRNA deep sequencing
Deep sequencing of small RNAs from E12.5 and adult mouse brains was done as recommended by Illumina using a GAIIx sequencing platform. The fastq files were pre-filtered to remove reads containing bases with phred scores <10, followed by clipping the adapter sequences and post-filtering to remove reads containing bases with phred scores <20 and discarding reads <18 nt long using FASTX (http://hannonlab.cshl.edu/fastx_toolkit/). The collapsed reads (31) were parsed with a bowtie (32) index containing mature mouse miRNA sequences (miRBase v17; miRBase) extended by 3 nt at the 5 0 ends and by 6 nt at the 3 0 ends. No mismatches were allowed. To analyze reads with non-templated 3 0 -terminal nucleotides, parsing was repeated with reads computationally clipped by 1-3 nt at their 3 0 ends. Sequences represented by <100 reads in either of the two brain samples were discarded. This filter was relaxed to <10 reads for the pair-wise analysis of trimming efficiencies of pre-miRNA 'siblings'. We further discarded miRNA entries that could not be unambiguously distinguished from other miRNAs after removing three 3 0 -terminal nucleotides from either the experimental reads of the miRBase sequences. Downstream statistical analyses were carried out using in-house Perl and R scripts.
Ligation-mediated RT-PCR
The LM-RT-PCR protocol was modified from (23) . Briefly, 500 mg of total RNA from E12.5 or adult mouse brain was resolved by 10% PAGE containing 7.5 M urea and the 14-30 nt RNA fraction was isolated using a miRNA extraction kit (Abnova). One-half of the gel-purified RNA was ligated with 200 pmol of the 3 0 RNA adapter (5 0 P-UCGUAUGCCGUCUUCUGC UUGidT; Dharmacon) at 16 C for 12 h in a 10 -ml reaction containing 5 U of T4 RNA ligase (Ambion). The ligation mixtures were heat inactivated at 68 C for 8 min, resolved by 10% PAGE containing 7.5 M urea and the 36-46 nt RNA fraction was extracted from the gel (Abnova) and subjected to RT with the 3 0 _RT primer and the SuperScript III RT (Invitrogen). The miR-124-specific sequences were then amplified from the cDNA samples using the miR-124_F1 and 3 0 _PCR primers and KAPATaq HotStart DNA Polymerase (KAPA Biosystems) as recommended. The PCR products were purified using a Nucleospin Extract II kit (Macherey-Nagel), ligated with the pGEM-T vector (Promega) according to the manufacturer's instructions and transformed into chemically competent Top10 E. coli cells (Invitrogen). A total of 30 clones for each sample were sequenced using T7 sequencing primer.
Immunoblotting
Cells were washed with ice-cold PBS and the proteins were extracted with 20 mM Tris-HCl, pH 7.5, 150 mM NaCl, 5 mM EDTA, 10% glycerol, 1% Nonidet P-40, 1 mM PMSF and 1Â Complete EDTA free protease inhibitor cocktail (Roche). Mouse brain tissues were washed with ice-cold PBS, frozen in liquid nitrogen and homogenized with mortar and pestle prior to adding the extraction buffer. Lysates were cleared by centrifugation for 10 min at 20 000g, 4
C and the protein concentration was determined using a BCA protein assay kit (Thermo Scientific) The samples were separated by 4-20% gradient SDS-PAGE (Thermo Scientific), transferred to nitrocellulose membranes and incubated with the following primary antibodies: rabbit polyclonal anti-Ago1 (Millipore; 1:1000 dilution); mouse monoclonal anti-Ago1 (kind gift of Mikiko Siomi; 1:500 dilution), rabbit monoclonal anti-Ago2 (Cell Signaling Technology; 1:1000), mouse monoclonal anti-b-tubulin (Invitrogen; 1:3000), mouse monoclonal anti-GAPDH (Ambion; 1:10000), mouse monoclonal anti-c-Myc (Sigma; 1:3000). The secondary anti-rabbit and antimouse horseradish peroxidase (HRP) conjugates were from GE Healthcare (1:5000). Protein bands were visualized using enhanced chemiluminescence (ECL) reagents from Thermo Scientific as recommended.
In silico protein analyses
Argonaute amino acid sequences were aligned using MUSCLE (http://www.ebi.ac.uk/Tools/msa/muscle/) and the similarity plots were generated in JProfileGrid [(33); http://www.profilegrid.org/] using a 5-amino acid sliding window. The structure of the AGO1-small RNA complex [1SI3; (14) ] was downloaded from the Protein Data Bank (http://www.pdb.org) and visualized by PyMOL (http:// www.pymol.org/).
RESULTS
Mammalian Argonaute identity affects miRNA length
To understand the biological significance of the mammalian Argonaute paralog expansion, we co-transfected human HEK293T cells with expression plasmids encoding 3xMyc-tagged versions of the human AGO1-4 under the control of the CMV or CAG promoters ( Figure 1A ) together with the RIPmiR-124 construct encoding miR-124, an evolutionarily conserved nervous system-specific miRNA studied in our laboratory (28, 34) . The AGO1-3 proteins were well expressed from a CMV promoter, whereas a CAG promoter was required to express AGO4 at an optimal level ( Figure 1B) .
A high-resolution Northern-blot analysis of the miR-124 RNA revealed that: (i) Argonaute overexpression led to dramatically increased steady-state levels of the mature miRNA and (ii) the miR-124 isoform population was dominated by 21-mers in the presence of recombinant AGO2 and by 22-mers in the presence of AGO1, AGO3 or AGO4 ( Figure 1C and D) . Similar result was obtained when we co-expressed miR-124 with the four mouse Argonautes (Ago1-4; Supplementary Figure S1A-S1C).
The excess mature miRNA accumulated in the Argonaute over-expressing cells was likely associated with the corresponding AGO proteins, as discussed previously (35) . To test this prediction, we co-expressed miR-124 and the 3xMyc-tagged AGO proteins in HEK293T cells, pulled down the complexes using a Myc tag-specific antibody and analyzed the co-immunoprecipitated miR-124 by Northern blotting (Supplementary Figure  S1D) . Similar to the distributions observed in Figure 1C and D, the most abundant AGO2-associated form was 21-mer, whereas 22-mer was predominant in the AGO1, AGO3 and AGO4 pull-downs (Supplementary Figure  S1D and S1E). Thus, the miR-124 isoform composition of the total RNA samples corresponded to the miRNA patterns physically associated with the over-expressed Argonautes.
Increase in fractional abundance of Ago2 correlates with shortening of mature miR-124 during mouse brain development
Since the above results suggested that the Argonaute identity might affect the length of mature miRNAs, we examined the Ago1-4 expression in developing mouse brain. Quantitative RT-PCR (RT-qPCR) analyses showed that the embryonic day 12.5 (E12.5) brain expressed readily detectable amounts of the Ago1 and Ago2 mRNAs ( Figure 1E) . Notably, the apparent Ago1 mRNA abundance decreased $8-fold in the adult brain, while the Ago2 expression decreased only $2-fold ( Figure 1E and F) . The expression of Ago3 and Ago4 was negligible at both developmental stages ( Figure 1E ). Immunoblot analyses confirmed that the originally high Ago1 protein levels in the E12.5 brain were dramatically reduced in the adult sample, whereas the Ago2 expression was relatively uniform at both developmental stages ( Figure 1G) .
To investigate the effect of this increase in the Ago2 fractional abundance, we analyzed the mature miR-124 in the E12.5, newborn and adult mouse brains ( Figure 1H ). Interestingly, 22-mers were predominant in the E12.5 sample, whereas 21-mers became the most abundant form in the newborn and adult samples ( Figure 1H and I) . This indicated that the change in the Argonaute expression pattern might underlie the miR-124 isoform dynamics during brain development.
Mature miRNAs are shortened following the Dicer processing step
The Argonaute-dependent change in the miR-124 length could theoretically be due to: (i) altered cleavage preferences of Drosha or Dicer or (ii) a post-Dicer trimming of the Argonaute-loaded mature miRNAs. To distinguish between these possibilities, we carried out a pulse-chase experiment, in which miR-124 was expressed from a Dox-repressible promoter in HEK293T cells containing substantial amounts of endogenous AGO2 (15) . The transcription was stopped with Dox 24-h post-transfection and the subsequent changes in the miR-124 RNA were analyzed by Northern blotting (Figure 2A) . The originally prominent pre-miR-124 precursor band disappeared within 24 h of the Dox treatment, presumably as a result of the Dicer processing reaction (Figure 2A, bottom) . This allowed us to monitor the subsequent changes in the mature miR-124 species. Notably, the 22-mer miR-124 species were chased into 21-mers from 24 to 48 h after adding Dox (Figure 2A ).
This result was consistent with the model that pre-miR-124 was initially processed by Dicer into 22-mers that were subsequently trimmed to 21-mers. To directly determine the Dicer cleavage specificity, we incubated the total RNA from the RIPmiR-124-transfected HEK293T cells harvested at 24-h post-transfection with purified human Dicer in vitro ( Figure 2B ). Northern-blot quantification of the newly formed mature miR-124 species processed from the pre-miR-124 substrate confirmed that Dicer indeed generated predominantly 22-mer products ( Figure 2C ). 
The 3
0 termini of some Argonaute-loaded miRNAs are known to undergo enzymatic trimming in Drosophila (25, 26) . To test whether miR-124 might be shortened in the mammalian cells through a similar process, we transfected HEK293T cells transiently expressing 3xMyc-tagged AGO2 with synthetic miR-124 22-mer duplexes designed similarly to siRNAs and analyzed the lengths of the AGO2-associated miRNAs by Northern blotting 4-and 24-h post-transfection ( Figure 2D -F and Supplementary Figure S2A) . The fraction of the AGO2-bound 21-mers increased over time, indicative of an ongoing trimming reaction. On the other hand, essentially no trimming was detected when we repeated this experiment with 22-mer miR-124, in which the 3 0 -terminal nucleotide was protected by a 2 0 -OMe group ( Figure 2D-F) . This suggested that the AGO2-associated 21-mers were derived from the 22-mers as a result of the 3 0 terminal nucleotide removal.
Since it was formally possible that different Argonaute proteins might have distinct miRNA loading preferences, we transfected HEK293T cells expressing 3xMyc-tagged AGO1 or AGO2 with an equimolar mixture of the 22-and 21-mer miR-124 duplexes and analyzed the isoform distributions in the Myc-tag pull-down fractions 4-h posttransfection (Supplementary Figure S2B and S2C) . Both AGO1 and AGO2 recruited 22-and 21-mers with comparable efficiencies thus supporting the model that the length of mature miRNAs is altered following their loading into AGO2.
Mammalian miRNAs undergo large-scale 3
0 -terminal trimming during nervous system development To ensure that the 3 0 -terminal trimming also accounted for the miR-124 isoform dynamics in the developing mouse brain, we analyzed the 3 0 -terminal sequences of miR-124 at the E12.5 and the adult stages using ligation-mediated RT-PCR followed by cloning and sequencing of the miR-124-specific PCR products (Supplementary Figure S3A) . All 30 clones derived from Figure S3A) . Primer extension analysis of the E12.5 and adult miR-124 showed that the predominant 5 0 end position was 5 0 UAAGGC . . . in both samples, thus confirming that the reduced length of miR-124 in the adult brain was due to changes at the 3 0 end (Supplementary Figure S3B) . To find out if the 3 0 ends of other miRNAs were shortened during brain development, we analyzed the small RNA fraction from the E12.5 and the adult brain by deep sequencing and focused on 193 miRNAs that were detectably expressed in both samples (>100 reads), could be unambiguously distinguished from other miRNAs and had no non-templated nucleotides at the 3 0 end. Notably, the cumulative functions (ECDFs) of the overall miRNA length distributions in the two samples differed significantly (P = 7.9 Â 10 À6 , KS test), with the adult miRNAs being shorter than the E12.5 ones ( Figure 3A ). This conclusion was further supported by pair-wise comparisons of the average lengths of specific miRNAs in the adult and E12.5 samples ( Figure 3B ; P = 1.76 Â 10 À29 , Wilcoxon signed rank test; also see Supplementary Tables S3 and S4 ). The differences in the miRNA lengths were clearly due to shortening of the 3 0 but not the 5 0 end in the adult sample ( Figure 3C and D) .
Notably, Northern-blot analyses of select miRNAs confirmed our deep sequencing data (Supplementary Figure S4) . To ensure that the above result was not due to a sample preparation artifact, we repeated the statistical analyses with 80 unambiguous miRNAs that were detectably expressed in both the E12.5 and adult samples (>100 reads) and contained one to three non-templated nucleotides at their 3 0 ends (Supplementary Figure S5) . These modified miRNA isoforms represented $10% of the total reads in both samples and the non-templated extensions consisted predominantly of A's and U's (Supplementary Figure  S5A) , as described earlier (21, 23, 24) . Importantly, when we computationally clipped the non-templated extensions and analyzed the lengths and the 5 0 and 3 0 coordinates of the remaining genome-encoded 'stumps', a large-scale 3 0 -terminal trimming was again detected for the adult miRNAs (Supplementary Figure S5B-S5D) . We concluded that the miRNA 3 0 ends receded in the adult brain but the probability of their subsequent extension by terminal transferases was comparable between the E12.5 and the adult samples.
miRNA trimming efficiency depends on the nature of the 3 0 -terminal nucleotide
We then returned to the 193 miRNAs devoid of the non-templated extensions and analyzed their 3 0 -terminal nucleotide usage. All 4 nt occurred fairly randomly at Figure 4A ). However, the 3 0 termini of the adult miRNAs were noticeably depleted in A's and enriched in U's ( Figure 4A ; P < 2.2 Â 10 À16 , 2 test). To test whether the corresponding nucleotide preferences of the trimming reaction could explain this bias, we prepared a set of miR-124 constructs encoding all 4 nt at the 3 0 -terminal position of the mature 22-mer and analyzed the trimming behavior of the corresponding miRNAs in the HEK293T cells (Figure 4B and C; Supplementary Figure S6) . Notably, the A3 0 -terminated (wild-type) miR-124 was trimmed most efficiently and the U3 Figure S6) .
Co-expression of the four 3 0 -terminal miR-124 variants with the 3xMyc-tagged Argonautes showed that AGO2-overexpressing cells trimmed A3 0 most efficiently and U3 0 least efficiently ( Figure 4D and E), similar to the preferences of endogenous HEK293T Argonaute blend. Trimming of all four miR-124 variants was rather inefficient in the presence of over-expressed AGO1, AGO3 or AGO4 ( Figure 4D and E) . These results suggested that the nature of the 3 0 -terminal nucleotide modulates trimming of AGO2-loaded miRNAs.
Specific structural feature of the AGO2 PAZ domain enables efficient miRNA trimming To elucidate the mechanism for the efficient shortening of AGO2-associated miRNAs, we aligned the amino acid sequences of human Argonautes and focused on the regions showing the highest divergence ( Figure 5A ). The least conserved element within the PAZ domain sequence corresponded to the AGO1 300-319 amino acid segment known to fold into a partially a-helical loop interacting with the small RNA 3 0 end [ Figure 5A ; (14)]. The K313 and Y314 residues were of particular interest since they formed hydrogen bonds with the phosphate groups of the 3 0 penultimate and ultimate nucleoside monophosphates, respectively ( Figure 5B) . Notably, the KY motif was conserved in AGO1, AGO3 and AGO4 across tetrapod vertebrates, but it was substituted with RH in AGO2 ( Figure 5A and Supplementary Figure S7) .
To address the role of the PAZ domain in the miRNA trimming, we generated reciprocal swap mutants of AGO1 and AGO2 that contained heterologous PAZ domain segments comprising the KY/RH motif (see Figure 5A ). The engineered AGO1(AGO2 PAZ) and AGO2(AGO1 PAZ) proteins were expressed in HEK293T cells at levels similar to their wild-type counterparts ( Figure 5C ). Strikingly, miR-124 was trimmed more efficiently in the presence of AGO1(AGO2 PAZ) as compared to the wild-type AGO1 protein ( Figure 5D and E). On the other hand, trimming of AGO2-loaded miR-124 was suppressed by grafting the AGO1 PAZ domain ( Figure 5D and E).
We hypothesized that the KY residues might stabilize the 3 0 end of AGO1-, AGO3-and AGO4-bound miRNAs within the PAZ domain and restrict its availability to yet-to-be identified mammalian miRNA trimming enzyme(s). To test this prediction, we mutated the RH element in AGO2 to KY and co-expressed the mutant protein with miR-124 in HEK293T cells ( Figure 5F ). Satisfyingly, the RH > KY mutation significantly suppressed trimming of the AGO2-loaded miR-124 ( Figure 5G and H) . On the other hand, the reciprocal KY > RH mutation of AGO1 stimulated miR-124 trimming ( Figure 5I-K) . The control mutation (D597A) inactivating the AGO2 slicer activity (9) had no effect on the miRNA trimming efficiency (Supplementary Figure  S8) . Therefore, the unusually high trimming propensity of AGO2-loaded miRNAs requires specific structural features of the AGO2 PAZ domain.
AGO1-loaded miR-124 is more potent in inducing neuron-like differentiation of neuroblastoma cells than AGO2-loaded miR-124
To address the role of the dramatic decrease in the Ago1/ Ago2 ratio during nervous system development, we took advantage of the high-efficiency and low-background recombination-mediated cassette exchange (HILO-RMCE) system (29) . Using this approach we generated two recombinant populations of mouse Neuro2a (N2a) neuroblastoma cells expressing Dox-inducible cassettes with two intronic shRNAs against the endogenous Ago2-3 0 -UTR followed by a transgenic open reading frame (ORF) of either Ago1 or Ago2 ( Figure 6A ). The sequences recognized by the Ago2-3 0 -UTR-specific shRNAs were absent from the transgenic Ago2 sequence.
The Argonaute expression patterns in the two transgenic N2a populations changed dramatically upon Dox treatment ( Figure 6B and C). Ago1 was over-expressed and Ago2 was down-regulated in the Ago1(shAgo2-3 0 -UTR) cells, whereas the overall Ago2 levels increased in the Ago2(shAgo2-3 0 -UTR) cells as compared to the control cell population expressing a Dox-inducible EGFP ORF and a firefly specific shRNA [EGFP(shLuc); Figure 6B and C]. As expected, transiently transfected miR-124 was trimmed more efficiently in the Ago2(shAgo2-3 0 -UTR) as compared to the Ago1(shAgo2-3 0 -UTR) cells (Supplementary Figure S9A and S9B). Since miR-124 expression is known to induce neuron-like differentiation of N2a cells (28), we examined the efficiency of this process in the two Argonaute backgrounds. Strikingly, miR-124 expressed in the Dox-treated Ago1(shAgo2-3 0 -UTR) cells was significantly more potent in inducing the neurite outgrowth phenotype as compared to miR-124 expressed in the Dox-treated Ago2(shAgo2-3 0 -UTR) cells ( Figure 6D and E). This effect was not due to an overall higher activity of miR-124 in the Ago1(shAgo2-3 0 -UTR) cells since miR-124 repressed three of its previously published targets (Ptbp1, Vamp3 and Ctdsp1) equally well in both backgrounds (Supplementary Figure S9C and S9D) . We concluded that the Ago1-and Ago2-loaded miR-124 may have distinct biological activities in the context of mammalian brain development possibly through differential regulation of a subset of targets.
DISCUSSION
Multiple post-transcriptional mechanisms have been implicated in the regulation of miRNA activity in a range of biological contexts (8) . Our study provides an important update to the mammalian catalog of post-transcriptional modifications by showing that a large subset of miRNAs undergo 3 0 -terminal miRNA trimming during mouse brain development.
Several lines of evidence strongly suggest that, similar to the situation in Drosophila (25, 26) , mammalian trimming occurs after the pre-miRNA dicing step and the recruitment of mature miRNAs into Argonaute-containing complexes. (i) miRNA was trimmed in the absence of detectable amounts of the pre-mRNA precursor (Figure 2A). (ii) Similarly, AGO2-loaded synthetic miRNAs were efficiently trimmed ( Figure 2D-F) . (iii) Notably, we failed to detect a significant correlation between the trimming efficiencies of mature miRNA 'siblings' encoded by the same pre-miRNA in our deep sequencing data (Supplementary Table S5 ), which is consistent with the model that trimming occurs after the two strands of the precursor miRNA duplex are physically separated.
Further work will be required to establish the identity of the enzyme(s) trimming the mammalian miRNA 3 0 ends. An obvious starting point of these studies would be characterization of the mammalian Nibbler homologs (25, 26) . Our observation that the nature of the miRNA 3 0 terminal nucleotide affects the efficiency of the trimming reaction ( Figure 4 and Supplementary Figure S6 Figure S1 and Figure 5 ). Given the increase in the fractional abundance of Ago2 during brain development due to dramatic down-regulation of Ago1 ( Figure 1E-G) , this provides a molecular mechanism for the large-scale resection of the miRNA 3 0 ends in adult mouse brain ( Figure 7) .
We link the efficient trimming of Ago2-loaded miRNAs to the unusual structure of the Ago2 PAZ domain featuring the RH residues in its miRNA 3 0 -interaction loop instead of the KY motif conserved across other miRNA-specific Argonautes (Supplementary Figure S7) . A likely outcome of the KY > RH substitution could be a loss of at least one of the two hydrogen bonds between the KY residues and the miRNA 3 0 end due to the relatively small size and the lack of hydroxyl in the histidine side chain. This might theoretically weaken the interaction of the miRNA 3 0 end with the PAZ domain thus making it more accessible to a trimming exonuclease (Figure 7) . Based on our phylogenetic analyses (Supplementary Figure S7) , it is tempting to speculate that the Ago2 RH motif might have emerged in an ancestor of the tetrapod vertebrates as an adaptation enabling developmental control of the miRNA trimming.
What could be the biological function of miRNA trimming? A growing body of evidence suggests that the 3 0 -terminus of a miRNA may modulate its interaction with cognate mRNAs in addition to the 5 0 -proximal 'seed'sequence (3, 36, 37) . It is therefore conceivable that the removal of 1 or 2 nt from the 3 0 terminus could diminish the miRNA binding affinity to a subset of targets requiring 3 0 compensatory interactions. The higher biological activity of Ago1-associated miR-124 in neuroblastoma cells observed in our study ( Figure 6 ) would generally be consistent with this model. Indeed, trimming of Ago2-loaded miR-124 might diminish its target repertoire thus potentially leading to a loss of important differentiation-specific targets (Figure 7) . We are currently investigating the effect of Argonaute identity on the miR-124 targeting properties and potential significance of the stronger differentiation phenotype of Ago1-loaded miR-124 for mouse brain development. (shAgo2-3 0 -UTR), Ago2(shAgo2-3 0 -UTR) and EGFP(shLuc) cells. Shown are fractions of cells containing at least one primary process longer than the average diameter of the cell soma. Ten randomly selected fields were imaged for each sample and the data were averaged ±SD and compared using the t test.
In conclusion, our data uncover pervasive 3 0 -terminal trimming of mammalian miRNAs and suggest that the efficiency of this process might be developmentally regulated by changes in fractional abundance of Ago2, the only mammalian Argonaute compatible with efficient trimming reaction. Identification of the mammalian miRNA trimming enzyme(s) and understanding the possible functions of trimmed miRNAs in mammals and Drosophila will be important questions for future studies.
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